Introduction
Antibody conjugation to potent cytotoxic drugs is a promising way to enhance the antitumor activity of antibodies and reduce the systemic toxicity of drugs, as evidenced by numerous examples of preclinical efficacy and at least six antibody-drug conjugates currently in clinical development (Lambert, 2005; Wu and Senter, 2005) . Clinical demonstration of the antibodydrug conjugate concept is provided by the approval of gemtuzumab ozogamicin (Mylotarg) for the treatment of acute myeloid leukemia (Bross et al., 2001) . Gemtuzumab ozogamicin is a humanized anti-CD33 IgG 4 conjugated to calicheamicin, a highly cytotoxic natural product that induces double-stranded DNA cleavages (Hamann et al., 2002a,b) . Other drugs that have been commonly conjugated to antibodies include auristatins and maytansinoids, which potently inhibit tubulin polymerization (Lambert, 2005; Wu and Senter, 2005) .
Many different antibodies conjugated to auristatins have robust antitumor activity in mouse tumor xenograft studies including ones that target: CD30 (Doronina et al., 2003; Francisco et al., 2003) , sialyl Lewis y (Doronina et al., 2003) , E selectin (Bhaskar et al., 2003) , CD20 (Law et al., 2004) , EphB2 (Mao et al., 2004) , TMEFF2 (Afar et al., 2004) and CD70 (Law et al., 2006) . For example, the chimeric anti-CD30 IgG 1 , cAC10 (Wahl et al., 2002) , was conjugated via its eight solvent-accessible cysteine residues to monomethyl auristatin E (MMAE) in near quantitative yield (Doronina et al., 2003) . This homogeneous conjugate with 8 drugs/antibody was highly efficacious in SCID mouse xenograft models of anaplastic large cell lymphoma and Hodgkin's disease with a therapeutic index (curative dose/maximum tolerated dose) of 30-60 (Doronina et al., 2003; Francisco et al., 2003) . A further 2-to 3-fold improvement in therapeutic index was achieved by reducing the drug stoichiometry from 8 drugs/antibody down to 2 or 4 drugs/antibody (Hamblett et al., 2004) . A potential drawback of such 'partially-loaded' conjugates is heterogeneity in the stoichiometries and sites of drug attachment. For example, a conjugate with a mean stoichiometry of 4 drugs/ antibody is a mixture with 0, 2, 4, 6 or 8 drugs/antibody (Hamblett et al., 2004; Sun et al., 2005) . Conjugates with uniform stoichiometry of 2 or 4 drugs/antibody were obtained by purification of corresponding mixtures, albeit with substantial reduction in yield and remaining heterogeneity as the 2 or 4 drugs were distributed over eight possible conjugation sites.
Here, we have generated antibody-drug conjugates with defined sites and stoichiometries of drug loading as a possible way to enhance the clinical potential of this class of antibody therapeutics. The solvent-accessible cysteine residues in the antibody cAC10 were replaced with a homologous residue, serine, to generate variants with either two or four remaining accessible cysteines. The Cys!Ser variants were then used to generate homogeneous and precisely defined antibody-drug conjugates that were then compared extensively in vitro and in vivo with more heterogeneous antibody-drug conjugates derived from prior methods (Hamblett et al., 2004; Sun et al., 2005) .
Materials and methods

Cells and reagents
The anaplastic large cell lymphoma line, Karpas-299 (CD30 positive), and the non-Hodgkin's lymphoma cell line, WSU (CD30-negative), were obtained from the Deutsche Sammlung von Mikroorganism und Zellkulturen GmbH (Braunschweig, Germany). L540cy (CD30 positive), a derivative of the Hodgkin's disease cell line L540 adapted to xenograft growth, was developed by Dr Harald Stein (Institüt für Pathologie, University Veinikum Benjamin Franklin, Berlin, Germany). Cell lines were grown in RPMI-1640 media (Life Technologies, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum.
Mutagenesis and subcloning
The construction of cAC10, a chimeric form of the murine monoclonal antibody, AC10, has previously been described (Wahl et al., 2002) . Mutants of cAC10 were generated in pBluescript vectors containing cDNAs for either cAC10 heavy (pBSSK-AC10H) or light (pBSSK-AC10L) chain using a Quikchange Ò Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) and pairs of complementary oligonucleotide primers. The plus strand primers for the heavy chain mutants were (mutated codons underlined):
Sequential rounds of mutagenesis were performed to gene rate the C220S:C226S and the C220S:C226S:C229S mutants. Similarly, the plus strand primer for the light chain mutant was C218S, 5 0 -CTTCAACAGGGGAGAGTCTTAGACGCGTA-TTGG-3 0 (mutated codon underlined). The cAC10 heavy chain variant cDNAs were excised from pBluescript using XhoI and XbaI and ligated into the mammalian expression vector pDEF38 (Running Deer and Allison, 2004) downstream of the CHEF EF-1a promoter. The cAC10 light chain variant cDNAs were excised from pBluescript with MluI and cloned into similarly cleaved pDEF38 downstream of the CHEF EF-1a promoter.
Antibody expression
The cAC10 variants were stably expressed in a CHO-DG44 cell line as previously described for the cAC10 parent antibody (Wahl et al., 2002) . Briefly, 50 mg of each of the heavy and light chain expression constructs in vector pDEF38 were linearized with PvuI and then coelectroporated into CHO-DG44 cells (Urlaub et al., 1986) . Stable cell lines expressing the cAC10 variants (Table I) were selected in hypoxanthine and thymidine deficient EX-CELLÔ 325 media (JRH Biosciences Inc., Lenexa, KS, USA). High titer clones identified by antigen-binding ELISA were recovered by limiting dilution cloning and cultured in spinner flasks (2.5 l) or WAVE bioreactors (5-10 l, WAVE Biotech LLC, Bridgewater, NJ, USA).
Antibody purification
The cAC10 parent and variant antibodies were purified by protein A followed by anion exchange chromatography using a FPLC (Ä KTAexplorer, GE Healthcare, Piscataway, NJ, USA). Briefly, the antibody-containing conditioned media were concentrated $10-fold and buffer-exchanged into phosphatebuffered saline (PBS), pH 7.4 by tangential flow filtration (Millipore, Bedford, MA, USA). The concentrated samples were treated with 0.5% (v/v) Triton X-100 (Sigma, St Louis, MO, USA) with gentle stirring overnight at 4 C for endotoxin removal. Samples were loaded on to a protein A column (GE Healthcare) pre-equilibrated with PBS, pH 7.4. The column was washed with PBS, pH 7.4, 2-3 column volumes (CV) 0.5% v/v Triton X-100, 1 M NaCl in PBS, pH 7.4 then with PBS, pH 7.4 until a stable baseline was reached. Bound antibody was eluted from protein A with 30 mM sodium acetate, pH 3.6 and then dialyzed against 20 mM Tris-HCl, 10 mM NaCl, 1 mM EDTA, pH 8.0 (buffer A). The pooled antibody was then loaded on to Q sepharose (GE Healthcare) pre-equilibrated with buffer A and washed with 2-3 CV buffer A, 5-10 CV buffer A containing 0.5% (v/v) Triton X-100 and 5 CV buffer A. Antibodies were eluted from Q sepharose by either step or linear NaCl gradient from 10-500 mM NaCl in buffer A and dialyzed against PBS, pH 7.4. Purified antibodies were analyzed by SDS-PAGE and by TSK-Gel G3000SW HPLC size exclusion chromatography (Tosoh Bioscience, Montgomeryville, PA, USA).
Antibody conjugation
Conjugation of cAC10 Cys!Ser antibody variants with either 2 (variants C2v1-E2 and C2v2-E2) or 4 (variants C4v1-E4 and C4v2-E4) equivalents of MMAE involved antibody reduction with a few (2.5-4) equivalents of tris(2-carboxyethyl)phosphine (Acros Organics, Geel, Belgium) and conjugation to maleimidocaproyl-valine-citrulline-paminobenzoyl-MMAE (vcMMAE) (Doronina et al., 2003) without removal of excess tris(2-carboxyethyl)phosphine. The extent of reduction was assessed prior to drug addition by purifying a small amount of the reduction reaction through a PD-10 column (GE Healthcare) and titrating the number of antibody-cysteine thiols with 5,5 0 -dithio-bis(2-nitrobenzoic acid) (Ellman, 1958) . The reduced antibodies were reacted with vcMMAE for 60 min at 0 C and excess N-acetylcysteine (Acros Organics) then added to quench any unreacted vcM-MAE. The reaction mixture was then diluted 5-fold with water and then loaded on to a hydroxyapatite column (Bio-Rad Laboratories, Hercules, CA, USA) equilibrated with 10 mM sodium phosphate pH 7.0, 10 mM NaCl. The column was washed with 5 CV of the same buffer and the conjugate eluted with 100 mM sodium phosphate, pH 7.0 and 10 mM NaCl. The conjugates were concentrated and buffer-exchanged into PBS using Amicon Ultrafree centrifugal filter units (Millipore, Bedford, MA, USA). The generation of cAC10 conjugates with a mean stoichiometry of 4 drugs/antibody, C8-E4 mixture (C8-E4M, range of 0-8 drugs/antibody), and 2 drugs/antibody, C8-E2 mixture (C8-E2M), have been described (Hamblett et al., 2004; Sun et al., 2005) . C8-E2M was subjected to hydrophobic interaction chromatography to isolate conjugates loaded with a uniform stoichiometry of 4 drugs/antibody (C8-E4) and 2 drugs/antibody (C8-E2) as previously described (Hamblett et al., 2004) .
Conjugate analysis
Antibody-drug conjugates were analyzed to determine the stoichiometry of drug loading using the molar extinction coefficients at wavelengths of 248 and 280 nm for the antibody (9.41 · 10 4 and 2.34 · 10 5 M À1 cm
À1
, respectively) and drug (1.50 · 10 3 and 1.59 · 10 4 M À1 cm À1 , respectively), as previously described (Hamblett et al., 2004) . The location of drug attachment to the antibody heavy and light chains was investigated by reverse phase HPLC using a PLRP-S column ( C. The solvent conditions were as follows: isocratic 25% solvent B (3 min), linear gradient to 50% solvent B (25 min), linear gradient to 95% solvent B (2 min), linear gradient to 25% solvent B (1 min) and isocratic 25% solvent B (2 min). Prior to chromatography, antibody-drug conjugate samples (10-20 ml, 1 mg/ml) were reduced with 20 mM DTT at 37 C for 15 min to cleave the remaining interchain disulfide bonds.
Endotoxin measurement
Endotoxin levels in antibody and antibody-drug conjugate preparations were determined by quantitative kinetic or endpoint Limulus amebocyte lysate assay using a chromogenic substrate as described by the vendor (Cambrex, Walkersville, MD, USA). Briefly, the sample was mixed with the Limulus amebocyte lysate and substrate reagent, and the absorbance at 405 nm measured over time (WinKQCL, Cambrex) or after 15 min incubation for kinetic and endpoint assays, respectively. The sample-related inhibition or enhancement of the Limulus amebocyte lysate endotoxin reaction was also analyzed by spiking serial dilutions of the sample with constant endotoxin concentrations for the endotoxin measurement in the sample allowing simultaneous detection of quality and quantity of sample and sample-induced interference. The endotoxin level in samples was then determined from the endotoxin standard curve generated by each assay method, which is linear over a concentration range. All purified antibody and antibody-drug conjugates had <0.05 endotoxin units/mg protein, which is at least 5-fold below the endotoxin level judged acceptable for in vivo studies.
In vitro characterization of antibody variants and drug conjugates
Competition binding of the cAC10 antibody variants and their corresponding drug conjugates was undertaken to assess the impact of mutations and drug conjugation upon antigen binding. Briefly, cAC10 was first labeled with europium using a protocol from the vendor (Perkin-Elmer, Boston, MA, USA). CD30-positive Karpas-299 cells were then combined with serial dilutions of the cAC10 parent antibody, variants or corresponding antibody-drug conjugate in the presence of 1 mg/ml europium-labeled cAC10 in staining medium [50 mM TrisHCl pH 8.0, 0.9% (w/v) NaCl, 0.5% (w/v) bovine serum albumin, 10 mM EDTA] for 30 min on ice then washed twice with ice-cold staining medium. Labeled cells were detected using a Fusion HT microplate reader (Perkin-Elmer). Data were baseline-corrected and reported as the percent of maximum fluorescence as calculated by the sample fluorescence divided by the fluorescence of cells stained with 1 mg/ml cAC10-europium alone.
Growth inhibition of CD30-positive Karpas-299 or L540cy cells or CD30-negative WSU non-Hodgkin's lymphoma cells treated with cAC10 Cys!Ser variant conjugates was determined by incubating conjugates with cells for 92 h followed by incubation with 50 mM resazurin for 4 h at 37 C. Dye reduction was measured using a Fusion HT microplate reader. Data were analyzed by a non-linear least squares fit to a four-parameter logistic equation using Prism v4.01 (GraphPad Software Inc, San Diego, CA, USA).
Pharmacokinetics
The pharmacokinetic properties of the antibody-drug conjugates (C2v1-E2, C2v2-E2, C8-E2, C4v1-E4, C4v2-E4, C8-E4 and C8-E4M) were evaluated in SCID mice. Groups of SCID mice (three mice/group) were administered with 10 mg/kg of test material based on the antibody component by tail vein injection. Blood samples were collected from each mouse via the saphenous vein at 1 h, 4 h, 1 day, 2 days, 4 days, 7 days, 15 days, 21 days, 28 days, 36 days, 42 days and 50 days post-injection and serum isolated. Serum concentrations of antibody-drug conjugates were measured by antigenbinding ELISA as described previously (Hamblett et al., 2004) . The time course of serum concentrations for each animal was plotted and non-compartmental pharmacokinetic parameters were calculated with WinNonlin version 4.0.1 (Pharsight, Mountain View, CA, USA).
Xenograft models
A total of 5 · 10 6 Karpas-299 or L540cy cells were implanted into the right flank of C.B-17 SCID mice (Harlan, Indianapolis, IN, USA) to establish a subcutaneous disease model of anaplastic large cell lymphoma or Hodgkin's disease, respectively (Doronina et al., 2003; Francisco et al., 2003; Hamblett et al., 2004) . Tumor volume was calculated using the formula, (A · B 2 )/2, where A and B are the largest and second largest perpendicular tumor dimensions, respectively. Tumor-bearing mice were randomly divided into groups of 8-10 animals when the mean tumor volume was 100 mm 3 . Mice groups were treated with a single intravenous dose of an antibody-drug conjugate or alternatively left untreated. Conjugate doses of 6.0 and 12.0 mg/kg for the 2 drugs/antibody conjugates and 3.0 and 6.0 mg/kg for the 4 drugs/antibody conjugates were used for the L540cy xenograft studies. Conjugate doses of 0.5, 1.0 and 2.0 mg/kg for the 2 drugs/antibody conjugates and 0.5 and 1.0 mg/kg for the 4 drugs/antibody conjugates were used for the Karpas-299 xenograft models. Animals were euthanized when tumor volumes reached $1000 mm 3 .
Maximum tolerated dose
Groups of three rats (Sprague-Dawley) (Harlan) were injected with 40, 60 or 80 mg/kg of C2v1-E2, C2v2-E2 and C8-E2 and 20, 30 or 40 mg/kg of C4v1-E4, C4v2-E4, C8-E4 and C8-E4M via the tail vein to determine the single dose maximum tolerated dose. Rats were monitored daily for 14 days, and both weight and clinical observations were recorded. Rats that developed significant signs of distress were euthanized.
Results
Construction and expression of antibody Cys!Ser variants
The parent antibody for this study, cAC10, is a chimeric IgG 1 that binds to human CD30 (Wahl et al., 2002) . Antibody cAC10, has four solvent-accessible interchain disulfide bonds that are readily reducible and conjugated in near quantitative yield to vcMMAE, a thiol-reactive auristatin derivative (Doronina et al., 2003) . This homogeneous antibody-drug conjugate comprising the cAC10 parent antibody with 8 drugs/antibody is designated here as C8-E8 (Fig. 1A) .
The solvent-accessible cysteines in cAC10 were systematically replaced with a homologous residue, serine, to generate antibody variants with either four (C4v1, C4v2 and C4v3) or two (C2v1 and C2v2) remaining accessible cysteines (Table I and Fig. 1A ). These engineered antibody variants were used to generate drug conjugates with defined stoichiometries and sites of drug attachment. All antibody variants were stably expressed in CHO-DG44 cell lines at titers of 25-125 mg/l. The antibody variants were purified from 2.5 to 10 l cultures by protein A affinity and ion exchange chromatography (Table I) and then analyzed by size exclusion chromatography and SDS-PAGE. All variants electrophoresed under reducing conditions gave rise to two major bands consistent with the presence of heavy and light chains (data not shown). Under non-reducing conditions, all antibody variants except C4v3 gave electrophoretic patterns (Fig. 1B) consistent with their anticipated interchain disulfide bonding pattern (Fig. 1A) . Antibody variant C4v3 was excluded from the remainder of this study on the basis of its unanticipated electrophoretic behavior and a size exclusion chromatography profile that suggested significant aggregation.
Preparation of antibody-drug conjugates
The cAC10 parent antibody (C8) was partially reduced to yield a mean of 2 or 4 free thiols/antibody and then reacted with vcMMAE. The corresponding conjugates, C8-E2M and C8-E4M, have a mean loading of 2 drugs/antibody and 4 drugs/ antibody, respectively. C8-E2M and C8-E4M are mixtures of conjugates loaded with 0, 2, 4, 6 or 8 drugs/antibody (Hamblett et al., 2004; Sun et al., 2005) . Conjugates with uniform stoichiometry of either 2 drugs/antibody (C8-E2) or 4 drugs/ antibody (C8-E4) were purified from the C8-E2M mixture by hydrophobic interaction chromatography as previously described (Hamblett et al., 2004; Sun et al., 2005) . MMAE conjugates of the Cys!Ser variants were generated by reduction of the corresponding antibodies followed by reaction with vcMMAE.
For each antibody-drug conjugate the observed drug loading stoichiometry by spectrophotometric (Hamblett et al., 2004) and reverse phase HPLC analyses (Sun et al., 2005) closely matched those expected (Table II) . Peak area analysis following size exclusion chromatography suggests that all antibodydrug conjugates were >98% monomeric. The yield of the Cys!Ser variant conjugates (89-96%) was similar to the heterogeneous conjugate, C8-E4M (95%), but greatly improved over the more homogeneous conjugates C8-E4 (11%) and C8-E2 (27%) purified from C8-E2M (Table II) . Somewhat higher Table I ), and loading stoichiometry with the drug, MMAE. For example, C8-E8 denotes the conjugate in which all eight solvent-accessible cysteine residues in the cAC10 parent antibody (C8) are conjugated to MMAE (E8). (B) SDS-PAGE analysis of antibody variants under non-reducing conditions. Arrows indicate the mobility of antibody heavy-light chain tetramer (HHLL), heavy chain dimer (HH), heavy-light chain dimer (HL), heavy chain (H) and light chain (L). (C) SDS-PAGE analysis of antibody-drug conjugates under reducing conditions. yields (up to 30%) of C8-E4 have been achieved by using C8-E4M as a starting point for purification (S.Alley, unpublished data). SDS-PAGE analysis of the antibody-drug conjugates under reducing conditions fully resolves light chains loaded with 0 or 1 equivalents of MMAE (L-E0 and L-E1, respectively) and partially resolves heavy chains loaded with 0, 1, 2 or 3 equivalents of MMAE (H-E0, H-E1, H-E2 and H-E3, respectively), as shown previously (Doronina et al., 2003) . For each Cys!Ser variant conjugate, a single light and heavy chain band with the anticipated mobility was observed (Fig. 1C) . In contrast, more complex electrophoretic patterns were observed for C8-E2 and C8-E4M and to a lesser extent for C8-E4 (Fig. 1C) .
Reverse phase HPLC under reducing conditions was used to further evaluate antibody-drug conjugate heterogeneity as this method can fully resolve all light and heavy chain species (Sun et al., 2005) . C8-E4M ( Fig. 2A) is the most heterogeneous conjugate containing all six possible species: L-E0, L-E1, H-E0, H-E1, H-E2 and H-E3. Purification of C8-E4M to generate C8-E4 reduces the heterogeneity down to four species: L-E0, L-E1, H-E1 and H-E2 (Fig. 2B) . The homogeneity of cAC10 Cys!Ser variant conjugates is demonstrated by the presence of the anticipated single major light and heavy chain peaks: L-E0 plus H-E2, and L-E1 plus H-E1, for C4v1-E4 (Fig. 2C ) and C4v2-E4 (Fig. 2D) , respectively. Similarly for the 2 drugs/antibody conjugates C8-E2M (Fig. 2E) is the most heterogeneous containing all six possible species. Purification of C8-E2 (Fig. 2F ) from C8-E2M reduces heterogeneity to L-E0, L-E1, H-E0 and H-E1. In contrast, C2v1-E2 (Fig. 2G ) and C2v2-E2 (Fig. 2H) each gave rise to a pair of major peaks: L-E0 plus H-E1 and L-E1 plus H-E0, respectively. Table I ), loading level with the drug, MMAE, and whether the drug stoichiometry is uniform or variable (M). E.g. C8-E4M and C8-E2M denotes the parent antibody, cAC10, loaded with a mean stoichiometry of 4 drugs/antibody (range of 0-8 drugs/antibody) and 2 drugs/antibody (range of 0-8 drugs/antibody), respectively. b Yield of conjugate obtained as a percentage of purified antibody. The free drug in all conjugate preparations was below the detection limit (<0.05%).
c Methods 1 and 2 refer to the ratio of absorbance at wavelengths of 248 and 280 nm (Hamblett et al., 2004) and reverse phase HPLC analysis under reducing conditions, respectively (Fig. 2) . d Estimated from the peak areas in size exclusion chromatography.
e Mean (6 SEM) for three or more independent experiments. f Percentage yield after hydrophobic interaction chromatography of C8-E2M based on the starting cAC10 protein. Yields of up to 30% C8-E4 have been achieved by using C8-E4M as a starting point for purification (S.Alley, unpublished data). Table II ). Peaks were identified by the ratio of their absorbance at wavelengths of 248 and 280 nm (see Materials and methods). L-E0 and L-E1 are used to denote light chains loaded with 0 or 1 equivalents of MMAE, respectively, whereas H-E0, H-E1, H-E2 and H-E3, indicate heavy chains loaded with 0, 1, 2 or 3 equivalents of MMAE, respectively.
Fig. 2. Reverse phase HPLC analysis of antibody-drug conjugates under reducing conditions. (A) C8-E4M, (B) C8-E4, (C) C4v1-E4, (D) C4v2-E4, (E) C8-E2M, (F) C8-E2, (G) C2v1-E2 and (H) C2v2-E2 (see
In vitro characterization of antibody-drug conjugates
Competition binding experiments revealed that neither Cys!Ser mutations (Table I ) nor vcMMAE conjugation (Table II) impaired antigen binding by the cAC10 antibody. Next the cytotoxicity of cAC10 Cys!Ser variant conjugates were assessed on CD30 positive (Karpas-299 and L540cy) and negative (WSU non-Hodgkin's lymphoma) cell lines. The C2v1-E2 and C2v2-E2 conjugates have very similar potency to C8-E2 on both CD30 positive cell lines (Table II) . In addition, C4v1-E4, C4v2-E4, C8-E4M and C8-E4 conjugates displayed similar activity on both CD30 positive cell lines tested (Table II) . Thus, defining the site and stoichiometry of drug attachment did not significantly impact the in vitro cytotoxic activity of the antibody-drug conjugates. Increasing the drug stoichiometry from 2 to 4 drugs/antibody increased the potency (reduced IC 50 values), consistent with previous observations (Hamblett et al., 2004; Sun et al., 2005) . CD30 negative WSU non-Hodgkin's lymphoma cells were insensitive to all cAC10 antibody-drug conjugates (data not shown).
Pharmacokinetics
SCID mice were dosed with various antibody-drug conjugates to determine how the sites and stoichiometries of drug loading would affect the pharmacokinetic properties. Immune deficient (SCID) rather than competent mice were chosen for consistency with the efficacy experiments (see below) and to avoid an antibody response to the antibody drug conjugates. SCID mice lack endogenous IgG and so administered IgG may potentially bind to endogenous Fc receptors on a variety of tissues and normal cells. Whilst this possibility was not explored in this study, it seems unlikely to have a major influence, since similar pharmacokinetic properties have been observed for chimeric antibodies in immune competent and Balb/c mice (Zuckier et al., 1994) . For cAC10 conjugated with MMAE, decreasing the loading from 8 drugs/antibody to 4 or 2 drugs/antibody was previously shown to decrease the clearance and increase the pharmacokinetic area-under-the-curve (Hamblett et al., 2004) . We observed similar differences between the conjugates loaded with 2 drugs/antibody and 4 drugs/antibody. For example, the exposure of C2v1-E2, C2v2-E2 and C8-E2 was increased compared to C4v1-E4, C4v2-E4, C8-E4 and C8-E4M as determined by the area-under-the-curve (Table III) . Also, clearance values for conjugates loaded with 2 drugs/antibody were lower than for those loaded with 4 drugs/antibody (Table III) . Notably, there were only small differences in the pharmacokinetic area-under-the-curve or clearance values between C4v1-E4, C4v2-E4, C8-E4 and C8-E4M (Fig. 3A and Table III) . Likewise, the pharmacokinetic parameters of C2v1-E2, C2v2-E2 and C8-E2 were similar ( Fig. 3B and Table III) . One mouse was found dead on Day 22 and eliminated from the pharmacokinetic analysis. Fig. 3 . Pharmacokinetics of antibody drug conjugates loaded with 4 drugs/antibody (A) and 2 drugs/antibody (B). SCID mice were treated with 10 mg/kg of conjugate and serum samples were collected and analyzed by ELISA to determine antibody-drug conjugate concentrations.
Antitumor activity of antibody Cys!Ser variant conjugates in vivo
The single dose efficacies of the cAC10 Cys!Ser variant drug conjugates were compared to conjugates of the parent antibody in established ($100 mm 3 ) subcutaneous xenograft models of Hodgkin's disease (L540cy) and anaplastic large cell lymphoma (Karpas-299) in SCID mice. A tumor that decreased in size such that it was impalpable was defined as a complete regression, whereas a complete regression that lasted beyond 100 days post-tumor implant was defined as a 'cure'. Treatment of L540cy xenograft models with C4v1-E4, C4v2-E4, C8-E4 and C8-E4M resulted in comparable responses with complete regressions being achieved at both 3.0 and 6.0 mg/kg for each antibody-drug conjugate (Fig. 4A and B) . Treatment of Karpas-299 models with conjugates containing 4 drugs/ antibody at doses of 0.5 and 1.0 mg/kg showed very similar and potent efficacy for all antibody-drug conjugates (data not shown). Responses of L540cy xenografts to treatment with C2v1-E2 and C2v2-E2 were comparable and complete regressions were induced at both 6.0 and 12.0 mg/kg doses ( Fig. 4C and D). C8-E2 was slightly more potent than C2v1-E2 and C2v2-E2 with cures achieved at both dose levels ( Fig. 4C and  D) . Karpas-299 xenograft models treated with single doses of the conjugates containing 2 drugs/antibody showed similar response trends with 3 of the 10 animals achieving complete regressions for C2v1-E2 and C2v2-E2 and 8 of 10 complete regressions for C8-E2 at a 1.0 mg/kg dose (data not shown).
Maximum tolerated dose
The maximum tolerated dose was defined as the highest dose that did not induce >20% weight loss or severe signs of distress. Previously, the single dose maximum tolerated dose of C8-E2 in BALB/c mice was shown to be >250 mg/kg (Hamblett et al., 2004; Sun et al., 2005) -the highest dose that could be readily tested. Sprague-Dawley rats were chosen here to assess the single dose tolerability of each antibodydrug conjugate. These rats are more sensitive than mice to the anti-CD30 MMAE conjugates and so permit more precise determination of the maximum tolerated dose for conjugates with 2 drugs/antibody. The cAC10 antibody (Wahl et al., 2002) binds to human CD30 but does not cross-react with the corresponding antigen from rats or mice. Thus, antigenindependent but not antigen-dependent toxicities of cAC10 drug conjugates can be explored in these species.
All conjugates loaded with 2 drugs/antibody were tolerated by rats at higher doses than those with 4 drugs/antibody, consistent with previous studies of C8-E2 and C8-E4 tolerability in mice (Hamblett et al., 2004; Sun et al., 2005) . Minor differences in tolerability were observed between C2v1-E2, Fig. 4 . Single dose efficacy studies on SCID mice bearing L540cy subcutaneous xenografts. Mice were treated 12 days post-tumor implant with a single dose of C4v1-E4, C4v2-E4, C8-E4 and C8-E4M at 3.0 mg/kg (A) and 6.0 mg/kg (B). Mice were treated 12 days post-tumor implant with a single dose of C2v1-E2, C2v2-E2 and C8-E2 at 6.0 mg/kg (C) or 12.0 mg/kg (D).
C2v2-E2 and C8-E2, which were dosed at 40, 60 and 80 mg/kg. The 40 mg/kg dose of each conjugate was well tolerated whilst the 60 mg/kg dose was only well tolerated by rats treated with C2v2-E2 (Table III) . The conjugates containing 4 drugs/antibody were each dosed at 20, 30 and 40 mg/kg. Again there were only small differences in tolerability between conjugates. Animals injected with the 20 mg/ kg dose of C4v1-E4 and C8-E4 experienced no adverse effects while several animals in the groups treated with the 20 mg/kg doses of C4v2-E4 and C8-E4M showed signs of distress and one from each group was sacrificed on Day 9. Based on these data the maximum tolerated doses for C4v1-E4 and C8-E4 were determined to be 20 mg/kg while the maximum tolerated doses for C4v2-E4 and C8-E4M were determined to be <20 mg/kg (Table III) . The slightly greater toxicity of C8-E4M than C8-E4 likely reflects, at least in part, the drug loading stoichiometry of 4.4 drugs/antibody and 4.0 drugs/antibody, respectively (Table II) , and the known correlation of drug load and toxicity (Hamblett et al., 2004; Sun et al., 2005) .
Discussion
Desirable attributes of antibody-drug conjugates for targeted therapy include linkers between antibody and drug that are stable in circulation but readily cleavable within the target cells to release active drug, high therapeutic index (curative dose/maximum tolerated dose) and homogeneous composition to facilitate drug development. An antibody-drug conjugate that comes close to meeting these criteria is the anti-CD30 antibody, cAC10, conjugated to auristatin E (MMAE) via the eight solvent-accessible cysteine residues through linkers that are cleavable by lysosomal proteases such as cathepsin B (Doronina et al., 2003; Francisco et al., 2003) . Reduction in the drug stoichiometry from 8 drugs/antibody to 4 drugs/antibody or 2 drugs/antibody increased the therapeutic index by >2-fold (Hamblett et al., 2004) , albeit at the expense of reduced conjugate yield and increased heterogeneity (drug attachment site and stoichiometry).
Here, we have developed a protein engineering approach to generate homogeneous antibody-drug conjugates in high yield with precisely definable site and stoichiometry of drug attachment. The chosen strategy was to systemically replace the solvent-accessible cysteine residues with serines. These cysteine residues commonly form interchain disulfide bonds in IgG. Thus, success of our strategy relies upon biosynthetic assembly of IgG, as well as IgG structure and function under physiologic conditions, to be independent of the presence of disulfide bonds. Several prior observations suggest that this would likely be the case. First, biosynthetic assembly of antibody light and heavy chains relies upon non-covalent interactions and does not require a disulfide between light and heavy chains as shown by studies with engineered F(ab 0 ) 2 fragments (Rodrigues et al., 1993) . Moreover, removing the interchain disulfide bond impacted neither the antigen binding affinity of a F(ab 0 ) 2 fragment nor its pharmacokinetic properties (Rodrigues et al., 1993) . Second, removal of the inter-heavy chain disulfide bonds of an IgG 1 did not impact expression nor binding to antigen but did impair effector functions (Gillies and Wesolowski, 1990) . Third, the pharmacokinetic properties of cAC10 IgG in mice were not significantly altered by reduction and carboxymethylation of all four interchain disulfide bonds (K.J.H. and J.A.F., unpublished data).
Antibody variants were generated with either six (data not shown), four or two remaining accessible cysteines that were then conjugated to the drug, MMAE, in near quantitative yield. These naturally occurring cysteine residues are distant from the antigen-binding variable domains and, as anticipated, neither their replacement with serines (Table I ) nor drug conjugation (Table II) impacted antigen binding. Removal of two, three or all four of the antibody interchain disulfide bonds has minimal effect on the antibody multimerization state as judged by size exclusion chromatography. In addition, similar in vitro potencies of the various 2 drugs/antibody conjugates (C2v1-E2 and C2v2-E2 versus C8-E2) and 4 drugs/antibody conjugates (C4v1-E4 and C4v2-E4 versus C8-E4 and C8-E4M) (Table II) suggests that the engineered conjugates are stable at least over the 4 day time course of the assay.
The engineered conjugates with 4 drugs/antibody, C4v1-E4 and C4v2-E4, have comparable antitumor activity to the parental conjugates, C8-E4 and C8-E4M, in both L540cy (Fig. 4) and Karpas-299 (not shown) xenograft models and exhibit only small differences in tolerability by rats (Table III) . The antitumor efficacy of the engineered conjugates with 2 drugs/ antibody, C2v1-E2 and C2v2-E2, is slightly lower than for the parental conjugate, C8-E2, with only minor differences in tolerability by rats. Additionally, broadly similar pharmacokinetic properties were found for the conjugates with 2 drugs/ antibody (C2v1-E2, C2v2-E2 and C8-E2) and amongst those with 4 drugs/antibody (C4v1-E4, C4v2-E4, C8-E4 and C8-E4M). Thus, efficacy, tolerability and pharmacokinetics of the engineered antibody-drug conjugates are impacted to only a minor extent by the chosen alternative sites of drug attachment. In contrast, reducing the stoichiometry of drug loading from 4 to 2 drugs/antibody reduces efficacy and increases tolerability with little net effect on the therapeutic index (Fig. 4 and Table III), consistent with previous observations (Hamblett et al., 2004) . Surprisingly, the most heterogeneous conjugate C8-E4M (0-8 drugs/antibody with a mean of 4 drugs/antibody and variable sites of drug attachment) has similar in vitro and in vivo properties to the most homogenous conjugates, C4v1-E4 and C4v2-E4 (fixed stoichiometry of 4 drugs/antibody at defined sites). Thus, from this study in conjunction with prior work (Hamblett et al., 2004; Sun et al., 2005) , the stoichiometry of drug attachment is a more critical determinant of antibody-drug conjugate potency and tolerability than is the site of drug attachment and conjugate homogeneity.
Comparable in vitro and in vivo properties notwithstanding, the engineered antibody-drug conjugates offer significant advantages for drug development over their purified parental counterparts (C8-E2 and C8-E4) in terms of improved yield (>90% versus <30%) and reduced heterogeneity of sites of drug attachment. The engineered conjugates (C4v1-E4 and C4v2-E4) were produced in similar yield to the unpurified parental counterpart, C8-E4M) but are much more homogenous-a potentially significant advantage from a drug manufacturing standpoint. The precise definition of drug location and stoichiometry in the engineered antibody-drug conjugates described here contrasts with the heterogeneity of many antibody-drug conjugates [reviewed by Wu and Senter (2005) ] including gemtuzumab ozogamicin (Mylotarg), the only FDA-approved antibody-drug conjugate. Gemtuzumab ozogamicin has a mean stoichiometry of 2-3 drugs/ antibody attached via lysine residues with 50% of the antibody being unconjugated (Hamann et al., 2002b) (gemtuzumab ozogamicin prescribing information).
Prior engineering of IgG for site-specific conjugation to cysteine residues involved the addition of cysteine residues rather than the removal of naturally occurring cysteines described here. For example, an extra cysteine residue was introduced at several different locations in the C H 1 domain of an IgG 4 (Lyons et al., 1990) . Of these added non-hinge cysteines, the fully accessible ones were reversibly blocked, whereas less accessible cysteines were only partially ($50%) blocked and available thiols were site-specifically radiolabeled. Selective reduction of the blocked thiols proved difficult with only 50% thiol recovery being achieved without reduction of the hinge disulfide bonds. More recently, a cysteine residue was introduced at position 442 of the C H 3 domain of an IgG 4 (Stimmel et al., 2000) . Again the cysteine residue was reversibly blocked but in this case mild and selective reduction conditions were devised and site-specific labeling achieved with a radionuclide chelator. The performance of such engineered conjugates in vivo has yet to be reported. Introducing cysteine residues into antibody domains can sometimes promote interchain and intermolecular disulfide bonds that are undesirable for antibody-drug conjugate applications. For example, installing an additional cysteine residue at position 444 in the C H 3 domain led to the formation of disulfide-linked IgG dimers with enhanced effector functions (Caron et al., 1992; Shopes, 1992) , whereas a cysteine installed at position 119 in a C H 1 domain created a compact and tethered IgG with an additional disulfide bond between the two heavy chains (Shopes, 1993) .
Reduced IgG interaction with Fcg receptors may limit antibody uptake by non-target organs and improve tumor localization (Hutchins et al., 1995) -a potentially advantageous property for antibody-drug conjugate applications. Removal of the hinge region interchain disulfide bonds from an IgG 1 has been reported to greatly impair antibody-dependent cellular cytotoxicity, consistent with impaired Fc-Fcg receptor interactions, and also reduce complement-dependent cytotoxicity (Gillies and Wesolowski, 1990) . The parent antibody, cAC10, is inefficient in supporting antibody-dependent cellular cytotoxicity so we are currently exploring the impact of Cys!Ser mutations and drug conjugation on the effector functions of other antibodies.
Generation of C8-E2 or C8-E4 using partial reduction methods results in antibody-drug conjugates where the majority of MMAE is linked to cAC10 via the cysteines involved in forming the heavy-light chain disulfide bond and the hinge region interchain disulfides are left intact (Sun et al., 2005) . While methods have been developed to produce C8-E2 and C8-E4 with the majority of MMAE linked to the hinge region (Sun et al., 2005) , recombinant generation of C2v1-E2, C2v2-E2, C4v1-E4 and C4v2-E4 results in antibody-drug conjugates lacking all interchain disulfide bonds and thus reduces the potential for internalization by non-target tissues mediated by interactions with Fcg receptors.
Much research has focused on optimizing drugs and linkers for antibody-drug conjugates (Lambert, 2005; Wu and Senter, 2005) . Consideration of drug stoichiometry has also been shown to enhance the therapeutic window of cAC10vcM-MAE antibody-drug conjugates (Hamblett et al., 2004; Sun et al., 2005) . Here, we report that the antibody component of the antibody-drug conjugate can also be optimized to complement advances in drug and linker technologies and generate highly potent and homogeneous product candidates. The strategy developed here for generating antibody-drug conjugates with defined sites and stoichiometries of drug loading is potentially broadly applicable to other antibodies as it involves engineering of constant domains. Indeed, we have successfully used this approach to generate antibody-drug conjugates of a humanized anti-CD70 antibody (C.F.M., S.C.A. and P.C., unpublished data).
